; Cosmo Bio) was used to lyse bacterial cells. The 16S rRNA gene was analysed as described previously [7] . Approximately 1500 bases of the 16S rRNA gene sequence were determined for strain 3BBH22
T . Sequences were analysed against the EzTaxon database (www.ezbiocloud.net/identify) [8] . Strain 3BBH22
T showed highest similarity to P. capillosus ATCC 29799 T (96.7 %), followed by F. plautii ATCC 29863 T (96.4 %) and Intestinimonas butyriciproducens strain SRB-521-5-I T (95.0 %). Related sequences were aligned by using 2 PRIME, Japan Agency for Medical Research and Development (AMED), Tsukuba, Ibaraki 305-0074, Japan. *Correspondence: Mitsuo Sakamoto, sakamoto@riken.jp Keywords: human faeces; butyrate; hsp60; phylogenomics; Ruminococcaceae. Abbreviations: ALDE, aldehyde; ANI, average nucleotide identity; DDH, DNA-DNA hybridization; DMA, dimethyl acetal; GGDC, Genome-to-Genome Distance Calculator; SEM, scanning electron microscopy; TEM, transmission electron microscopy; UBCG, up-to-date bacterial core gene. The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of Lawsonibacter asaccharolyticus strain 3BBH22 T (=JCM 32166 T ) is LC371917; those for the partial hsp60 gene sequences of L. asaccharolyticus strain 3BBH22
T , Intestinimonas butyriciproducens JCM 32124 T , Flavonifractor plautii JCM 32125 T and Pseudoflavonifractor capillosus JCM 32126 T are LC371918, LC371919, LC371920 and LC371921, respectively. The accession numbers for the draft genome sequence of strain 3BBH22
T are BFBT01000001-BFBT01000007.
the CLUSTAL_X 2.0.12 program [9] and corrected by manual inspection. Nucleotide substitution rates (K nuc values) were calculated [10] after gaps and unknown bases were eliminated. The phylogenetic trees were reconstructed by the neighbour-joining [11] and maximum-likelihood (ML) [12] methods with MEGA 7.0 software [13] . Bootstrap analysis was performed with 1000 resamplings to estimate the confidence of tree topologies [14] . The 16S rRNA gene sequence analysis showed that strain 3BBH22 T formed a monophyletic cluster with P. capillosus ATCC 29799 T and F. plautii CCUG 28093 T (Fig. 1) . The hsp60 gene has been found to be a useful phylogenetic marker for Gram-positive anaerobic bacteria [3, 4] as well as Gram-negative anaerobic rods [15, 16] . The partial hsp60 gene was analysed as described previously [15, 16] . Briefly, the partial hsp60 gene was amplified by PCR using the previously described primers, H729 and H730, and sequenced [15] . Nucleotide sequences (552 bp) of the hsp60 gene from the four strains were used for analysis. was performed using the Microbial Genome Annotation Pipeline (MiGAP; www.migap.org/index.php/en) [18] . The nucleotide sequences of the reference strains were obtained from the NCBI database. In silico prediction of the DNA-DNA hybridization (DDH) value and a pairwise average nucleotide identity (ANI) comparing strain 3BBH22 T to P. capillosus ATCC 29799 T , F. plautii strain YL31 and I. butyriciproducens strain AF211, respectively, was performed using Genome-toGenome Distance Calculator (GGDC) version 2.1 (the local alignment tool used was BLAST+; https://ggdc.dsmz.de/ggdc. php#) [19] and the ANI calculator (http://enve-omics.ce. gatech.edu/ani/) [20] , and the values obtained were 22.6 % (using formula 2), 23.4 and 21.8 %, respectively, for GGDC and 80.04, 82.08 and 79.51 %, respectively, for ANI. The upto-date bacterial core gene (UBCG) pipeline (www.ezbiocloud. net/tools/ubcg) [21] was used to detect 89 proteins, which excluded three proteins, LigA, PyrG and RplL from 92 proteins of the UBCG data set, in the genomes of strain 3BBH22 T and related taxa. Ambiguously aligned positions were eliminated. A concatenated ML tree was reconstructed with bootstrap analysis (100 resamplings) by RAxML [22] . In the 16S rRNA gene sequence analysis, the taxonomic position of strain 3BBH22
T was not clear, whereas the phylogenetic tree based on 89 proteins (Fig. 2) clearly separated strain 3BBH22
T from other related species (F. plautii, I. butyriciproducens and P. capillosus).
The strains used in the present study were grown on BB agar for 2-4 days at 37 C under a H 2 /CO 2 /N 2 (1 : 1 : 8, by vol.) gas mixture. I. butyriciproducens JCM 32124 T , F. plautii JCM 32125 T and P. capillosus JCM 32126 T were used as reference strains. The characterization of strain 3BBH22 T and related species was carried out under the same conditions. The strains were incubated at different temperatures (10, 20, 30, 37 and 45 C) to examine bacterial growth. Strain 3BBH22
T grew at temperatures from 30 to 45 C with optimum growth at 37 C. The optimum pH (pH 4.0, 5.0, 6.0, 7.0 and 8.0) for growth was determined as described previously [3] . The strain grew at pH 6.0-8.0. The optimum pH was pH 7.0. Cells from cultures grown on BB agar for 2 days at 37
C under anaerobic conditions were tested for Gram staining. The morphology of the cells after 2 days of culture on BB agar plates was observed using phase-contrast microscopy (BIOPHOT; Nikon), transmission electron microscopy (TEM; JEM-1400Plus; JEOL) and scanning electron microscopy (SEM; JSM-6340F; JEOL). Sample preparation for TEM and SEM was as described previously [3] . Cells of strain 3BBH22
T were obligately anaerobic, nonpigmented, Gram-stain-negative straight rods. Cells on BB agar were 0.8-1.5 (average, 1.0)Â2.4-20 (average, 10.0) µm in size and occurred in singly or in pairs with or without swelling (Fig. 3a) . Colonies on BB agar plates after 4 days of incubation at 37 C under anaerobic conditions were 0.5 to P. capillosus ATCC 29799 T (AAXG00000000)
A. desmolans ATCC 43058 T (JNJN00000000)
Paenibacillus larvae subsp. larvae ATCC 9545 T (CP019687) 0.1 Fig. 2 . Phylogenetic tree of strain 3BBH22 T and related taxa. The phylogenetic tree was inferred using UBCGs (concatenated alignment of 89 proteins). A total of 24 353 amino acids were used. GenBank accession numbers are shown in parentheses. Bootstrap analysis was carried out using 100 replications. Percentage bootstrap values are given at branching points. Bar, 0.1 substitutions per position.
1 mm in diameter, grey to off-white-grey, circular, slightly erose, slightly peaked and smooth. TEM and SEM images of cells of strain 3BBH22
T are shown in Fig. 3(b, c) . Typical spore structures, such as reported by Browne et al. [23] , were not observed. In this study, spore formation was not observed with F. plautii JCM 32125 T and P. capillosus JCM 32126 T using light microscopy as reported by Carlier et al. [6] . Although it has been reported that small terminal and subterminal endospores were detected after 7 days of growth of I. butyriciproducens strain SRB-521-5-I T [24] , spore formation was not observed with I. butyriciproducens JCM 32124 T . Carlier et al. [6] investigated the presence of the sporulation-specific gene spo0A for F. plautii DSM 4000 T and P. capillosus CCUG 15402 A T . Although no sporulation was observed, these two strains possessed the gene spo0A. As with F. plautii and P. capillosus, the gene spo0A was found in the draft genome of strain 3BBH22
T . Spore formation may be caused by some environmental factors. A Gram-positive-type cell-wall structure was observed in the TEM of cells of strain 3BBH22 T (Fig. 3b) , though its Gramstain was negative. This finding is similar to the findings reported for F. plautii [25] . The results of this study suggest that strain 3BBH22
T is a non-spore-forming, Gram-positive bacterium. Strain 3BBH22 T was non-motile, as determined by a motility test where tubes containing semisolid Gifu anaerobic medium (0.15 or 0.5 % agar; Nissui) were stabinoculated and incubated at 37 C for 3 days [26] . The ability to tolerate bile was tested on Bacteroides bile aesculin agar [27] . On Bacteroides bile aesculin agar, the growth of I. butyriciproducens JCM 32124 T and F. plautii JCM 32125 T was not inhibited in the presence of 0.5 % (w/v) DifcoOxgall (BD), which is equivalent to 5 % (w/v) bile for testing bile resistance. These two strains grew weakly in the presence of 2 % (w/v) Oxgall. On the other hand, the growth of strain 3BBH22 T and P. capillosus JCM 32126 T was inhibited in the presence of 0.5 or 2 % (w/v) Oxgall. Aesculin hydrolysis was only positive for P. capillosus JCM 32126
T .
Biochemical reactions were determined in duplicate by using the API 20A anaerobe test kit, the API ZYM system and the Rapid ID 32A anaerobe identification kit (bio-M erieux), respectively, according to the manufacturer's instructions; results are given in the species description. Strain 3BBH22 T was found to be asaccharolytic when tested using the API 20A anaerobe test kit. Using peptone-yeast extract-glucose (PYG) broth (1 %, w/v, of each) [28] , glucose was fermented weakly. Strain 3BBH22
T could be differentiated from P. capillosus JCM 32126
T by its inability to hydrolyse aesculin (Table 1) . Using the API ZYM system and the Rapid ID 32A anaerobe identification kit, strain 3BBH22
T was less reactive than the reference strains. Antimicrobial susceptibility tests were performed with various antimicrobial agents (BBL Sensi-Disc Susceptibility Test Discs; BD), including amoxicillin, bacitracin, chloramphenicol, ciprofloxacin, colistin, erythromycin, gentamicin, kanamycin, neomycin, oxytetracycline, penicillin, streptomycin, sulfamethoxazole with trimethoprim (SXT) and vancomycin. Strain 3BBH22
T was susceptible to amoxicillin, bacitracin, chloramphenicol, erythromycin, oxytetracycline, penicillin and vancomycin. Strain 3BBH22 T was resistant to ciprofloxacin, colistin, gentamicin, kanamycin, neomycin, streptomycin and SXT.
Organic acids of the metabolic end products in PYG broth were analysed as described by Pramono et al. [29] . Production of CO 2 was analysed as described by Sakamoto et al. [3] . Only F. plautii JCM 32125 T and P. capillosus JCM 32126 T produced CO 2 . Among the strains tested, I. butyriciproducens JCM 32124 T , F. plautii JCM 32125 T and strain In the API 20A tests, all strains were negative for hydrogen sulfide production, indole formation, gelatin hydrolysis, catalase, urease and the acidification of L-arabinose, glycerol, lactose, D-mannose, melezitose, raffinose, L-rhamnose, salicin, sucrose, trehalose and D-xylose. In the Rapid ID 32A tests, all strains were negative for urease, a-arabinosidase, arginine dihydrolase, a-fucosidase, a-galactosidase, 6-phospho-b-galactosidase, b-glucuronidase, glutamic acid decarboxylase, nitrate reduction, indole production, mannose fermentation, raffinose fermentation, proline arylamidase, phenylalanine arylamidase, pyroglutamic acid arylamidase and glutamyl glutamic acid arylamidase, and positive for alkaline phosphatase (weak) and serine arylamidase (weak). In the API ZYM tests, all strains were negative for alkaline phosphatase, a-fucosidase, lipase, cysteine arylamidase, valine arylamidase, trypsin, chymotrypsin, a-galactosidase, b-glucuronidase, N-acetyl-b-glucosaminidase and a-mannosidase, and positive for acid phosphatase, esterase and naphthol-AS-BI-phosphohydrolase. All data are from the present study unless otherwise indicated. +, Positive; W, weak; À, negative.
Characteristic 1 2 3 4
Quercetin degradation T , produced minor amounts of lactate (1.9 and 3.6 mM, respectively). The gene encoding an enzyme involved in butyrate production, butyrate kinase (EC 2.7.2.7), was found in the draft genome of strain 3BBH22
T . There were some discrepancies compared with the results presented in this study and previous reports [6, 24] . According to previous reports, I. butyriciproducens produced butyrate and acetate in Wilkins-Chalgren-Anaerobe broth [24] and P. capillosus produced acetate and succinate in TGY broth [6] .
Fatty acid methyl esters (FAMEs) were obtained from about 40 mg wet cells grown on BB agar at 37 C for 4 days (all strains reached the stationary growth phase; growth curves were determined by counting colony forming units), by saponification, methylation and extraction, using minor modifications [30] of the method of Miller [31] . Cellular fatty acid profiles were determined by following version 6.2B of the Sherlock Microbial Identification System (MIDI) and using version 3.80 of the BHIBLA database. The major cellular fatty acids (>10 %) of strain 3BBH22
T were C 14 : 0 , C 16 : 0 , C 18 : 1 !9c, C 16 : 0 dimethyl acetal (DMA), C 18 : 0 and C 18 : 2 !6,9c (Table 2) . In this study, the major cellular fatty acids of P. capillosus JCM 32126 T were C 16 : 0 DMA, C 14 : 0 and C 18 : 1 !9c. This was a similar result to that for P. capillosus CCUG 15402 A T reported by Kl€ aring et al. [24] , except for a higher proportion of C 18 : 1 !9c. The proportion of C 16 : 0 , which is one of the major cellular fatty acids of P. capillosus reported by Carlier et al. [6] , was slightly lower (<10 %; 9.7±0.7) than the threshold of major components defined in this study. In F. plautii JCM 32125 T , the major cellular fatty acids were C 16 : 0 , C 14 : 0 , C 16 : 0 DMA and C 18 : 0 DMA. This result was almost the same as in previous reports [6, 24] . The major cellular fatty acids of I. butyriciproducens JCM 32124 T were similar to those of I. butyriciproducens strain SRB-521-5-I T reported by Kl€ aring et al. [24] , although there were some differences in proportions. Isoprenoid quinones were extracted and analysed as described by Komagata and Suzuki [32] for the presence of menaquinones and ubiquinones. Neither menaquinones nor ubiquinones were detected from any of the strains tested.
Because the degradation of quercetin, one of the flavonoids, by F. plautii has been reported [6] , we tested the ability of strain 3BBH22
T to degrade quercetin. Degradation of quercetin was checked by the fluorescence-quenching test according to the previous studies [6, 33] . Strain 3BBH22 T did not degrade quercetin. Among the strains tested, only F. plautii JCM 32125
T was able to degrade quercetin, as reported previously [6, 24] . This feature was reported as an important chemotaxonomic characteristic of the genus Flavonifractor [6] .
The DNA base composition for strain 3BBH22
T and other reference strains (except for F. plautii JCM 32125 T ) was determined by the high-performance liquid chromatography method of Tamaoka and Komagata [34] , with a mixture of 0.02 M NH 4 H 2 PO 4 and acetonitrile (20 : 1, v/v) as the elution solvent. The DNA G+C content of strain 3BBH22 T was 61.2±1.0 mol%. This value was almost the same as the DNA G+C contents of the other strains (I. butyriciproducens JCM 32124 T ; 61.5±0.2 mol%, F. plautii DSM 4000 T [6] ; 61.6 mol%, P. capillosus JCM 32126 T ; 61.0±0.4 mol%). Each value represents the mean±SD of three experiments. The experimentally determined DNA G+C content of strain 3BBH22 T (61.2±1.0 mol%) was slightly higher than that calculated from the draft genome sequence of strain 3BBH22 T (58.4 mol%) ( Table 1 ). This may be due to the genome sequence being incomplete.
On the basis of the physiological and biochemical characteristics, and the phylogenetic tree based on 89 proteins, strain 3BBH22
T represents a novel species in a novel genus of the family Ruminococcaceae, for which the name Lawsonibacter asaccharolyticus gen. nov., sp. nov. is proposed.
DESCRIPTION OF LAWSONIBACTER GEN. NOV.
Lawsonibacter (Law.so.ni.bac¢ter. N.L. masc. n. bacter a rod; N.L. masc. n. Lawsonibacter a rod named after Paul A. Asaccharolytic when tested using the API 20A kit; glucose can be fermented weakly in PYG broth. Weak activity is obtained using the Rapid ID32A kit for alkaline phosphatase, arginine arylamidase, leucine arylamidase, tyrosine arylamidase and serine arylamidase. Mannose and raffinose are not fermented. Negative reactions are obtained for urease, arginine dihydrolase, a-galactosidase, b-galactosidase, 6-phospho-b-galactosidase, a-glucosidase, b-glucosidase, a-arabinosidase, b-glucuronidase, N-acetylb-glucosaminidase, glutamic acid decarboxylase, a-fucosidase, nitrate reduction, indole production, proline arylamidase, leucyl glycine arylamidase, phenylalanine arylamidase, pyroglutamic acid arylamidase, alanine arylamidase, glycine arylamidase, histidine arylamidase and glutamyl glutamic acid arylamidase. Positive reactions are also obtained using the API ZYM system for esterase, esterase lipase, acid phosphatase and naphthol-AS-BIphosphohydrolase. Negative reactions are obtained for alkaline phosphatase, lipase, leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, chymotrypsin, agalactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, b-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase. The organism is susceptible to amoxicillin, bacitracin, chloramphenicol, erythromycin, oxytetracycline, penicillin and vancomycin.
The type strain, 3BBH22
T (=JCM 32166 T =DSM 106493 T ), was isolated from human faeces. The DNA G+C content of the type strain is 61.2±1.0 mol%.
